'Design clashes' encountered during the development of a large multi-storey educational building, 27 awarded under a Joint Contracts Tribunal (JCT) Design and Build contract, are reported upon. The 28 building was developed in Birmingham, UK and the contract value was circa £36 million (UK 29 Sterling, 2015). Members of the project management team (PMT) produced designs that were 30 subsequently integrated by the main contractor into a federated building information modelling 31 (BIM) model; at this stage 404 error clashes were evident between the positions of the mechanical, 32 electrical and plumbing (MEP) designer's and structural designer's building compartments. The 33 contractor deemed that these particular clashes were 'mission critical' as previous experience 34 suggested that project costs could spiral uncontrollably if left unabated. Participatory action 35 research was employed to acquire a deeper understanding and knowledge of the clash incidents. 36 Clash data accrued (in mm) was subsequently quantitatively modelled using the probability 37 density function (PDF) and the cumulative distribution function (CDF). Two models produced 38 were the Log Logistic Three Parameter (3P) (using all data including outliers) and Generalized 39 Gamma distribution (excluding outliers). Both models satisfied Anderson-Darling and 40 Kolmogorov-Smirnov goodness of fit tests at 0.01 and 0.02 levels of significance. Model 41 parameters could be used to forecast similar clashes occurring on future projects and will prove 42 invaluable to PMT members when accurately estimating the time and resource needed to integrate 43 BIM designs. The predictive modelling revealed that 92.98% of clashes reside within the 30-299 44 mm range while the most probable occurrence of a clash overlap resides in a discrete category of 45 100-199mm. Further qualitative investigation is also conducted to understand why these clashes 46 occurred and propagate ideas about how such may be mitigated. The research concludes on two 47 important points, namely: i) BIM is not a panacea to design related construction project rework 48 and that innovative 21 st century digital technologies are hampered by 20 th century management 49 practices; and ii) improvements in clash and error mitigation reside in a better understanding of 50 tolerances specified to alleviate the erroneous task of resolving unnecessary clashes. Future 51 research is proposed that seeks to: automate the clash detection management, analysis and 52 resolution process; conduct further investigative analysis of the organizational and human resource 53 3 management influences impacting upon design clash propagation; and devise and validate new 54 procedural methods to mitigate clash occurrence using a real-life project.
INTRODUCTION
reputation and consequential profitability. This approach to self-experimentation grounded in experience was augmented by: fact-finding, to acquire a deeper knowledge and understanding 178 (Pain et al., 2012; Mapfumo et al., 2013) ; learning, through a recurrent process of reflection 179 (Kornbluh et al., 2015) ; and evidential reasoning to interpret information and knowledge 180 characterized by varying degrees of uncertainty, ignorance and correctness (Ding et al., 2012) . 181 Participatory action research is particularly beneficial because research implementation which 182 embodies collective enquiry and experimentation (Wittmayer and Schäpke, 2014) , occurs within 183 the PMT rather than 'for it'. Consequently, PMT stakeholders are more likely to adopt emergent 184 findings, recommendations and modify their future practices. were deemed to be 'mission critical' as previous anecdotal experience (accrued from past projects 194 completed) suggested that project costs could spiral uncontrollably if these were left unabated.
196
The construction of a large multi-storey educational building located in Birmingham UK (entitled contractor."
240
The main contractor and its team members adopted cloud based platforms to alleviate the number 241 of discrepancies between the 'as-constructed' and the 'as-built ' BIM model. Specifically, 242 Autodesk's® BIM360 platform for design coordination and as-constructed validation was chosen 243 as the cloud-based BIM tool for this task. Clash detection was also conducted via this cloud based 244 platform enabling stakeholders to link discipline specific design models (obtained from the MEP Table 1a presents parametric and non-parametric descriptive measures of central tendency and 254 measures of variation or dispersion within the sample data (Wheelan, 2013) . Evidence of skewness 255 was apparent given the distance between the arithmetic mean and median values (namely 212.82 256 mm and 166.78 mm respectively). Skewness measures the asymmetry of the probability 257 distribution of a real-valued random variable about its mean (Schiller et al., 2013) . It was observed 258 that the clash detection data was positively skewed; the majority of data fell within the 41.09 mm 259 to circa 250 mm measurement range but a long tail extending to 550.03 mm was recorded. Because Where: Q1 = is the first quartile value; Q3 is the third quartile value; and 1.5 is a constant.
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The outlier limit value was noted as 440.74 mm but further data analysis revealed that two 269 observations extended beyond this and were predominantly responsible for the long tail observed.
270
These two values were duplicate clashes (457.534 mm (frequency = 24) and 550.031 mm 271 (frequency = 36)) and accounted for 60 outliers in total. The treatment of outliers is a contentious 272 issue within extant literature and could broadly involve either removing or transforming them 273 using for example, square root, log10 or box-cox transformations (Cousineau and Chartier, 2010) .
274
It can be argued that removing outliers squanders important data (and hence knowledge) in the 275 subsequent analysis but keeping them produces an uncharacteristic pattern in the trend. Given the 276 contentious nature of outlier treatment, subsequent analysis examined both data sets -277 untransformed original data with and without outliers. A revised summary statistical analysis is 278 therefore presented in Table 1b that excludes outliers and illustrates that the arithmetic mean and 279 median are much closer together (153.69 mm and 148.64 mm) and that skewness has been reduced 280 (although not eliminated).
282
The two pools of design clash data (with and without outliers) were then modelled using empirical 283 PDF and CDF for a continuous distribution; these models were used to improve knowledge of 284 clashes that propagate during design works. A comparative analysis between the goodness of fit 285 tests generated for both types of probability modelling was undertaken to measure any observable 286 differences.
288
Probability modelling 289 The PDF for a continuous distribution can be expressed in terms of an integral between two points:
A CDF is the probability that a variate takes on a value less than or equal to x. For continuous 294 distributions, the CDF is expressed as a curve and denoted by:
The empirical CDF is displayed as a stepped discontinuous line depending upon the number of 299 bins and is denoted by: These goodness of fit tests were used to test the null (Ho) and alternative hypotheses (H1) of the 326 datasets: H0 -follow the specified distribution; and H1 -do not follow the specified distribution. Table 2b illustrate that the best fit probability distribution fitting for the size 358 of clash detections was the three parameter Generalized Gamma at α = 0.01, 0.02 and 0.05 The PDF ( Figure 6 ) and CDF (Figure 7) for the three parameter Generalized Gamma distribution 365 fitting are defined in equations 9 and 10 respectively as: 
Results reported in

